Introduction
Wind Tunnel tests are an important way to obtain accurate data for validation of aeroelastic simulation models. A properly designed and implemented wind tunnel test provides quantitative aerodynamic and structural measurements that are geometrically and dynamically representative of full-scale wind turbines. The wind tunnel's aerodynamic environment is free from pronounced inflow anomalies that would otherwise be a factor in wind turbine tests that are conducted "in the field" (i.e., in an outside environment where the effects of turbulence are part of the inflow). Wind turbine aeroelastic models can be compared and validated to wind tunnel test data without having to consider the effects of turbulence. However, wind tunnel tests are much more expensive to conduct than field tests.
The objective of this analysis is to compare the measured data from the NASA Ames wind tunnel experiment to those collected in the field at the National Wind Technology Center (NWTC) with the same turbine configuration. The results of this analysis provide insight into which measurements can be made in the field as opposed to wind tunnel testing.
Methodology
Data sets from field measurements on the Unsteady Aerodynamics Experiment (UAE) [1] Phase V test turbine were collected and organized according to the type of measurements taken, the turbine configuration, and the inflow conditions during measurement. The field measurements were then compared to measurements from the UAE NASA Ames dataset [2] conducted in the wind tunnel using similar mean wind speeds and the same turbine operating parameters. The data sets were compared in terms of the turbine performance and loads, taking into consideration the turbulence intensity for the field measurements.
Data Sets
Only 16 data files were available from the Phase V UAE test campaign for comparison with the Phase VI UAE wind tunnel test data. It was originally envisioned that more data files would be available from the Phase V testing, but analysis of the Phase V data revealed that only 16 of the 26 files could be used because they were the only ones with a fixed configuration. The components of the fixed configuration included upwind, three-degree pitch, two-bladed, and teetered-hub. The files are 10 minutes in length, and the sampling rate is approximately 500 hz. There were two differences between the configurations used for the Phase V and Phase VI turbines that were not discovered until after the analysis began. One major difference was that the blades were different: the Phase V blades were constant-chord, optimally twisted, and the Phase VI blades were twisted and tapered. Another difference between the datasets was that the Phase V data had varying yaw errors between -1 and -7 degrees, whereas the Phase VI data had the yaw locked at zero degrees. Despite the differences between the two data sets, a comparison was conducted. Figure 1 shows a plot of the yaw error for the Phase V data set, and Figure 2 shows the turbulence intensity and wind speeds for the Phase V data set. Figure 3 is a plot of turbulence intensity versus mean wind speed. 
Results
As expected, the high turbulence levels in the field measurements produced different aerodynamic phenomena than those seen in the wind tunnel; however, there were also some similar phenomena under certain measurement conditions. While it is impossible to quantify these differences with the available datasets, this section shows trends in the data and discusses the effects of turbulence.
Figures 4 shows a plot of mean power versus mean wind speed for the Phase V and Phase VI datasets. All power from the field V dataset is converted to sea level power by using the density of air at sea level as measured in the wind tunnel test. Variations in the power at a given wind speed for the Phase V field test can be partially explained by variations in the turbulence intensity: higher turbulence intensities may result in slightly lower power output for a given wind speed.
As expected, the effect of turbulence becomes more of a factor at higher wind speeds. The two data sets show similar mean power output at wind speeds up to about 7 m/s when the effects of turbulence are small, but at 9 m/s and above, the mean power outputs vary by 25% or more. The maximum values for loads and power for field test data will be higher than the instantaneous wind tunnel data, but the means will always be lower as the effects of turbulence reduce the magnitude of the measurements conducted. This was seen in the re the previous section. The averaging time for field measurements is important: a comparison of 1-minute data to 10-minute data will show higher mean measurements for the 1-minute data.
T Detailed measurements of the inflow can be made to characterize the turbulence in terms of atmospheric parameters such as the Richardson number (N Ri ) or the Reynolds stresses. The N can be useful in explaining turbulence because it represents the ratio of turbulence generation by buoyancy (i.e., thermal) to wind shear (i.e., mechanical) forces. A negative value of N Ri represents unstable or convective conditions, a value of zero represents neutral, and positive values signify a stable flow. The Reynolds stresses are the product of the turbulent or fluctuating (i.e., zero-mean) component velocities (i.e., longitudinal, transverse or crosswind, and vertical velocities), and they can be measured with a sonic anemometer and used to characterize the turbulence.
A between turbulence and field test data. Figure 10 plots the response of the Small Wind Resear Turbine (SWRT) to furl (i.e., turbine overspeed protection) and coherent turbulent kinetic energy (i.e., an indicator of the coherent turbulence) and shows the dependence of these parameters on the N Ri . The plot also shows the maximum load response from the Advanced Research Turbine (ART) at the NWTC. Note that the SWRT and ART sites are different locations at the NWTC so the turbulence is slightly different [5] . NREL continues to conduct work on the effects of turbulence on wind turbine performance and loads. The ability to simulate coherent structures of turbulence for input into aeroelastic models of wind turbines has been improved with the latest version of TurbSim [6] , a turbulence simulator. TurbSim can generate coherent turbulent structures with temporal and spatial scaling that reflect the actual turbulence measured at a site. This allows modelers to compare field test data to aeroelastic simulation results with a high degree of confidence that the effects of inflow are taken into account. It also allows models that have been validated with wind tunnel data to include the effects of turbulence in the simulations.
Aeroelastic modeling using the FAST model of the SWRT used both a simplified turbulent input (SNWind) and the TurbSim input [5] . TurbSim can generate coherent turbulent structures with temporal and spatial scaling that reflect the actual turbulence at site 1.4 at the NWTC where the SWRT test was conducted. The SWRT analysis used an 8 x 8 meter grid of points across the rotor disc and specific inflow data measured and calculated for each TurbSim file for the following: gradient N Ri , power law exponent, friction or shear velocity, and the cross correlation coefficients for the turbulent or fluctuating (i.e., zero-mean) component velocities (i.e., longitudinal, transverse or crosswind, and vertical velocities, U', V', and W').
The comparison showed that the 10-minute mean statistics were the same regardless of the inflow model, but the maximums and minimums were different. Figure 11 shows a plot of rotor thrust for the SWRT turbine from the test data and modeled results from the SNWIND turbulence and TurbSim models. Analysis of the UAE wind tunnel test shows that even in a controlled environment like a wind tunnel, test results can be affected by how the test is conducted. Figure 12 shows power versus wind speed for UAE test data. The results differ depending on how the wind speed was approached. The testing was conducted by "sweeping" through a range of wind speeds. As can be seen from the sweep up and sweep down power curves, there is a hysteresis to the blade stall. This is not an artifact of wind tunnel testing but the actual way the wind turbine responds to changes in wind speed. The relationship between field test data, wind tunnel test data, and the ability to model turbulence with inflow models that are used as preprocessors to wind turbine aeroelastic simulation models is important. Although it would be best to validate models with wind tunnel data, wind tunnel tests are extremely expensive and not always possible to conduct. In addition, models validated by wind tunnel tests also need to include the effects of turbulence so that real world conditions (i.e., in the field) can be modeled. Comparing field test data to wind tunnel test data is needed to determine if field test data can be used to validate models in lieu of wind tunnel data; however, this analysis has shown that the comparison between UAE wind tunnel data and field test data was not conclusive due to insufficient data and differences in the wind tunnel and field test wind turbine configurations.
